Large size Coriolis flowmeters up to 
Introduction
Coriolis flowmeters had been mainly developed and used in line sizes less than 4-inch (or DN100) because the size of the flowmeter itself could become too significant and expensive for practical uses. Large size straight-tube Coriolis flowmeters with a nominal diameter up to 10-inch (or DN250) for high capacity flow measurement have become commercially available recently. This paper will briefly describes the development of large size straighttube Coriolis flowmeters. This includes an advanced development method to optimise the design using numerical simulation. It also includes a special calibration procedure using an automated gravimetric flow rig. Extensive test results together with an application note are also described in this paper.
Brief Description of the StraightTube Coriolis Technology
A Coriolis flowmeter is an electromechanical system which essentially consists of two interdependent parts, (mechanical) flow sensor and (electronic) converter. Within the flow sensor, one or more fluid-conveying tubes are driven to vibration at one of their fundamental resonant frequencies. The driving mechanism is normally electromagnetic through an assembly of coils and magnets attached to the flow tubes. When flow occurs, the vibrating tubes can generate Coriolis force on the flow. The Coriolis forces on the inlet and outlet flows are just opposite to each other, which can be sensed as time delay or phase difference between two normally symmetric positions along the flow tube. Mass flow rate is almost linearly proportional to the time delay signal.
Coriolis flow sensors can be classified into two major types, straight-tube or bent-tube, in terms of their flow tube shape. Bent-tube Coriolis flow sensors have been available since their early development in the 1980s. They are practically suitable for applications with greater temperature ranges because thermal stresses created by temperature gradient are generally less. However, straight-tube Coriolis sensors have their own advantages of having smaller dimensional envelope, less pressure loss, better drainability and sanitary conditions. They may be preferred in some applications. For straight-tube sensors, single or multiple tube configurations are available. To develop large size flowmeters, a twin straight-tube configuration [1] is selected due to its effectiveness to achieve a balanced system.
The development follows a step-by-step approach starting from an advanced numerical model of the flow sensor [2] using the fluid-structure interaction theory. It is capable of providing predictions of flow signals according to various design parameters. An optimisation procedure is subsequently used to optimise the measuring tube parameters so that good mass flow sensitivity and density measurement accuracy can be achieved within a pre-defined set of constraints.
It is known that process conditions can affect flow measurement for both straight-tube and bent-tube Coriolis flowmeters. One of the process conditions is the fluid temperature because material properties can change with temperature. Since the Coriolis flow measurement principle relies on the vibration of the flow tubes, stiffness-related material properties such as Young's modulus is an important factor. In a recent research [3] , it was also shown that the thermal expansion coefficient of the tube material needs to be considered as well if accurate measurement at greater temperature range is required. Another process condition which can affect flow measurement is stresses created on the flow tubes. These stresses can be caused by temperature gradients, pressure, piping loads etc. Since tubes can be theoretically regarded as a shell structure, both axial and circumferential stresses are essential to define their effects. Therefore, it is one of the necessary tasks during the development to evaluate the effects of process condition changes. Certain design parameters of the flow sensor may reduce the effects due to stresses. It may also be an option to attach additional sensors of temperature or strain/stress on the flow tube to provide correction information.
The development results a series of large size straighttube Coriolis flowmeters. The internal measuring section of a typical flowmeter without outer casing and flanges is shown in Figure 1 .
The calibration of the large size straight-tube Coriolis flowmeters is performed in a specially designed water flow rig as schematically shown in Figure 2 batching line leads to the weigh tank, which is the primary reference for calibration, while the recirculation line leads through the multi-beam ultrasonic meter then back to the supply tank. The ultrasonic meter has been approved for custody transfer applications and is used in the rig just for a comparison purpose.
For a standing start and stop calibration procedure, it is important to obtain repeatable start and stop conditions. This is achieved by a fully automated procedure using computer controlled components. At the beginning of the calibration, a reference condition under the room temperature is established after recirculation for a certain time. In order to determine the primary flow calibration factors, a batching procedureis repeated for several times. The batching procedure starts with preparing the batching line by delivering a pre-defined small amount of flow to the weigh tank. Then after the scale reading is stable, both the Coriolis flowmeter and the scale are tared at the same time by the rig computer. Subsequently, a certain amount of flow is delivered to the weigh tank, and the final readings of both the flowmeter and scale are recorded. The scale reading is traceable to national standards and is therefore used to calibrate the mass registered by the flowmeter.
As stated above that process condition changes can affect flow measurement, this calibration rig is capable of obtaining correction factors using additional temperature sensors or strain gauges for non-reference conditions. Apart from the water tank kept at room temperature, two extra tanks with immersion heating elements are also available. Water flows from these tanks can provide further calibration data between the Coriolis flowmeter and the weigh scale using the same batching procedure described above.
Extensive Tests and a Typical Field Application
Extensive tests on the newly developed large size Coriolis flowmeters have been performed in various flow rigs and fluids to evaluate their performance. The first flow rig used for the evaluation is the TUV NEL National Standards Oil Flow Measurement Facility in the UK with a picture shown in Figure 3(a) . In this flow rig, two reference turbine flowmeters are calibrated against a weigh tank prior to the evaluation test. Both temperature and pressure are taken into account to calculate the reference mass. The stated uncertainty (with a coverage factor k=2) is 0.08%. Depending on the required flow rate range, these reference flowmeters can be run singly or in parallel. The fluid used in this flow rig is Kerosene with a nominal density 795kg/m 3 and nominal viscosity 2.3cSt at 20 o C. The 10-inch Coriolis flowmeter was installed in the NEL flow rig in a 10-inch test loop. Pulse output was set to mass at 50g per pulse (or 20 pulses/kg) for the Coriolis flowmeter. During recirculation, the mass pulses were collected for about two minutes. The Coriolis flowmeter was then compared with the reference mass calculated from the reference meters. Test runs at five different flow rates were conducted, with each flow rate repeated for at least three times. Throughout the whole test, the fluid temperature was within 20-21 o C. The second flow rig used for the evaluation is KROHNE water flow rig in the Netherlands with a picture shown in Figure 3(b) . The primary reference is a water tower with a height of about 45m and holds a volume of almost half million litres. Within this water tower, there are a number of level switches to register the start and stop for a calibration run to define a reference volume. It can calibrate flowmeters up to 120-inch (DN3000) with a verified uncertainty at 0.013%. Flow is created by gravity and regulated by a control valve downstream to the test section. A computer is used to control the rig and record data. With additional temperature data, a reference mass can be calculated using the reference volume and a known water density value.
The same 10-inch Coriolis flowmeter as described above was installed in this rig. After the tower was re-filled and its level reached a stable condition, the control valve opened to start the flow. Once the water level passed the start level switch, a counter started to count the mass pulses from the Coriolis flow meter (50g per pulse). The counter was deactivated as soon as the water reached the stop level switch. The pre-defined reference volume between these two switches was about 22m 3 . The Coriolis flowmeter was then compared with the calculated reference mass. Test runs at five different flow rates were conducted, with each flow rate repeated for at least three times. Throughout the whole test, the fluid temperature was around 17 o C. The third flow rig used for the evaluation is the SPSE (Société du Pipeline Sud Européen) liquid hydrocarbon calibration laboratory in France with a picture shown in Figure 3 (c) [4] . The primary reference is a volume of 15m 3 determined by the ball prover. This facility can calibrate flowmeters up to 24-inch (DN600). Calibrations can be conducted with different hydrocarbon liquids available in the laboratory to cover a wide Three different hydrocarbon liquids, naphtha, Arabian oil and Dalia oil (see Table 1 for properties), were used in the evaluation tests on the Coriolis flowmeter. Once the flow was established, the input and output detectors acted as a flying start and stop for counting the mass pulses from the Coriolis flowmeter. Similarly to the tests on other rigs described above, test runs at five different flow rates were conducted, with each flow rate repeated for at least three times.
Test results on this 10-inch Coriolis flowmeter in three different rigs together with its original calibration under the reference condition are summarised in Figure 4 . Despite various references were used in the overall evaluation programme and each test rig had its own uncertainty as shown in Table 1 , the general trend of errors was within the specified 0.2% custody transfer limit.
As a typical application, two 10-inch Coriolis flowmeters are installed in a Belarus refinery for metering crude oil and black oil. One of these flowmeters is shown in Figure 5 where it is metering at about 600t/hr for primary oil refining. The general feedback according to the users is that they are "really happy" and these flowmeters have been working "reliably and precisely".
Conclusions
Large size Coriolis flowmeters were developed based on the latest twin straight-tube technology. The development includes advanced numerical analysis of the fluid-tube interaction, detailed structural modeling and computational fluid dynamics. A special calibration and testing procedure is also reported to make sure the Coriolis flowmeter can still provide adequate accuracy under conditions other than the reference calibration condition.
Tests conducted across various rigs using different calibration techniques have again verified the straighttube Coriolis flowmeter's accuracy. As the majority of the tests had been witnessed by NMi personnel, it was concluded that the meter "meets all requirements for Accuracy Classes 0.3 as stated in OIML R 117-1" [5] . Together with the existing bent-tube technology, this represents another step in advancing the overall Coriolis flow metering technology. 
